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Abstract 
The transport of manufactured titanium dioxide (TiO2, rutile) nanoparticles (NP) in porous media 
was investigated by metric scale column experiments under different water saturation and ionic 
strength (IS) conditions.  
The NP breakthrough curves showed that TiO2 NP retention on the interface between air and 
water (AWI) and the interface between the solid and the fluid (SWI) is insignificant for an IS 
equal to or smaller than 3 mM KCl. For larger IS, the retention is depending on the water content 
and the fluid velocity. The experiments, conducted with an IS of 5 mM KCl, showed a 
significantly higher retention of NP than that observed under saturated conditions and very 
similar experimental conditions.  
Water flow was simulated using the standard Richards equation. The hydrodynamic model 
parameters for unsaturated flow were estimated through independent drainage experiments. A 
new mathematical model was developed to describe TiO2 NP transport and retention on SWI 
and AWI. The model accounts for the variation of water content and water velocity as a function 
of depth and takes into account the presence of the AWI and its role as a NP collector. 
Comparisons with experimental data showed that the suggested modeled processes can be used 
to quantify the NPs retentions at the AWI and SWI. The suggested model can be used for both 
saturated and unsaturated conditions and for a rather large range of velocities.  
 
Keywords: titanium dioxide; column experiments; retention model; unsaturated porous medium; 
air water interface 
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1. Introduction 
Currently, manufactured nanoparticles (NPs) are present in a variety of materials and products 
according to their properties. TiO2 NPs that are present, for example, in clothing, sunscreens and 
paintings, are the second most produced NPs worldwide (Adam et al., 2015). As for other NPs, 
their potential impact on the environment is still quite unknown. Therefore, to assess the NP life 
cycle, it is important to study NP mobility through ecosystems.  
Although numerous research studies were conducted on the retention of TiO2 NP in saturated 
porous media (e.g., Solovitch et al., 2010, Liang et al., 2013b, Toloni et al., 2014), only a few 
studies have been published on the retention of TiO2 NP in unsaturated porous media (Chen et 
al., 2008, Chen et al., 2010, Fang et al., 2013). Transport experiments under unsaturated 
conditions present greater experimental difficulties, particularly related to the control of the 
water content profile. The role of the interface between air and water (AWI) in NP retention is 
not yet completely understood. According to Fang et al. (2013), the presence of the AWI does 
not enhance the retention of TiO2 NP, whereas it increases the retention of TiO2 NP for Chen et 
al. (2008). Therefore, a doubt still persists on whether the saturation level affects the NP 
retention. According to studies on the transport of other types of NP and colloids, the saturation 
level affects the NP retention and the AWI can be a collector for charged particles, depending on 
the chemical parameters (Corapcioglu and Choi, 1996, De Novio et al., 2004, Bradford and 
Torkzaban, 2008, Kumahor et al., 2015, Knappenberger et al., 2015). 
To the authors’ knowledge, TiO2 NP retention in unsaturated porous media has never been 
modeled. In some studies, silver NP retention was modeled through a Langmuirian attachment-
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detachment model, eventually adding a retardation term (Liang et al., 2013b; Kumahor et al., 
2015). Contrary to colloids (Lenhart and Saiers, 2002, Anders and Chrysikopoulos, 2009, Zhang 
et al., 2012, Syngouna and Chrysikopoulos, 2015), the saturation level and the presence of the 
interface between air and water has never directly been taken into account for NP transport 
modeling in unsaturated porous media. The studies on colloid transport assume the retention as 
proportional to the AWI surface, which is very difficult to measure and generally is estimated 
from the volumetric air volume of the porous medium.   
The objective of this study is to better understand the role of the water content and AWI on NP 
retention and to propose a new model that is able to address saturated and unsaturated conditions. 
Sand column experiments were conducted with TiO2 NPs with different chemical compositions 
of the injected fluid and under varying water content profiles. The hydrodynamical conditions 
were simulated by Richards’ equation to estimate the water velocity and water content inside the 
column. The transport model, which takes into account the presence of the AWI and its role as a 
NP collector, was developed based on previous results obtained by Toloni et al. (2014) under 
saturated conditions.   
 
2. Experimental Methods 
2.1 TiO2 Nanoparticles 
A 50 mg L
-1
 aqueous suspension of TiO2 NPs was prepared by diluting a commercial rutile 
dispersion (NanoAmor 7012WJWR, 15 wt%, 5-30 nm) with deionized (DI) water and setting the 
ionic strength (IS) and pH values with KCl and KOH. The TiO2 NP suspension had an isoelectric 
point at a pH of approximately 6 and a Z-average NP size between 70 and 100 nm. Since a pH of 
10 resulted in a stable NP dispersion and minimized NP interactions with the sand surface, this 
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pH was chosen to minimize NP deposition. More details are provided in Toloni et al. (2014) and 
Toloni (2015), which used the same NP suspension. 
2.2 Sand 
The porous medium was composed of 96.7% quartz sand (K30, Kaltenhouse, France), with an 
average size of d50 = 490 m, a coefficient of uniformity of Cu = 1.6, a bulk density of  b=1.75 
g/cm
3
 and trace amounts of orthoclase and variscite. The medium was cleaned before packing 
through acidic and basic washings to remove metal oxides, impurities and colloidal particles, as 
described in Toloni et al. (2014). 
2.3 Column Experiments 
Two different setups were used to perform the experiments, as in Toloni (2015). The drainage 
setup (column of length 28cm and of diameter 28cm with in situ sensors) was used to estimate 
hydrodynamic parameters, while the NP transport experiments were performed on a similar type 
of column of smaller dimension (length 15.2 cm, diameter 3.75cm). To avoid perturbations due 
to the interactions between the NPs and the metal components of the TDR probes, the 
experimental setup for the NPs transport experiments did not include in situ sensors. 
 
A Plexiglas column was employed for the drainage experiments. The bottom of the column was 
linked by a plastic tube to a vertically mobile water reservoir, allowing for control and 
prescribing the water pressure head at the column bottom. Sensors were placed inside the column 
to monitor the water content, pressure head and temperature. The necessity of accommodating 
the sensors justifies the relatively large column diameter. The water content was measured by 
TDR probes (ML2x, Delta-T Devices Ltd, Cambridge, UK). Two probes were installed 7 cm and 
17 cm below the sand surface. The pressure head was measured by five tensiometers (35 X, 
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Keller AG, Winterthur, Switzerland), installed 7 cm, 12 cm, 17 cm, 22 cm, and 28 cm below the 
sand surface. The column was wet-packed as uniformly as possible with cleaned sand. Careful 
and uniform sand packing is important for the water content sensors and tensiometers to work 
properly because a good contact with sand grains is required. In the packed sand column, the 
water level is controlled by the position of the water reservoir. During column filling, the 
reservoir connected to the column bottom is located at the level of the sand surface to ensure 
saturation. Once the column is filled, the reservoir is lowered, inducing drainage and decreasing 
water content. The reservoir was moved down step by step from 28 cm over the column bottom 
to 10 cm below the column bottom, corresponding to a prescribed pressure of -10 cm (Figure 1). 
The reservoir was moved after the hydrodynamical equilibrium was reached, i.e., no flow at the 
column bottom. The lower the reservoir position was, the more time was required to achieve 
stable values for the water content and pressure head: a complete step by step drainage required 6 
hours. 
 
A Plexiglas flow cell from Soil Measurement Systems, Tucson USA was adopted for the NP 
transport experiments. The flow cell consisted of a tube that holds the porous medium and two 
removable end-plate assemblies, one mounted on each end of the tube. The flow cell was 
equipped with two types of end-plates: regular end-plates and perforated end-plates, which were 
intended to expose the sand surface to the atmospheric pressure. Ultraviolet absorption values 
were measured automatically every 5 s throughout the experiments for both the inlet and outlet 
flows by means of on-line sensors. The transport experiments consisted of injections of the TiO2 
NP solution at the top of a column under unsaturated steady state flow conditions and under four 
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IS treatments (0-2-3-5 mM KCl).  Each experiment was performed according to the following 
protocol: 
1. The column was carefully wet-packed with cleaned sand, obtaining a saturated porous 
medium. A 2-cm layer of glass beads held the porous media in place at the bottom of the 
column. This arrangement was necessary because it was not possible to find a filter or a 
membrane that did not retain the TiO2 NP. It has been previously verified that glass beads 
do not retain NP under the adopted experimental conditions.  
2. The porous medium was equilibrated at the desired IS and pH, with 20 pore volumes 
(PV) of electrolyte solution (Toloni, 2015).  
3. A water flow of 0.0012 cm s-1 was then applied at the top of the column through a 
peristaltic pump, and the sand surface was exposed to atmospheric pressure. The pump’s 
tubes were replaced before each experiment to ensure stable flow rates. A prescribed 
pressure head of -14 cm at the column bottom was applied to enhance column drainage. 
A vacuum chamber was not used because its use would imply the use of a membrane. 
This operation brings the column from an initial hydrostatic profile to a new unsaturated 
profile. The cumulative water mass of the drainage was measured online. 
4. Once a steady state flow condition was reached (i.e., the flow rate at the outflow becomes 
equal to the injected water flow rate), 2.5 PV of the 50 mg/L TiO2 NP suspension were 
injected in the column. The NP concentration was monitored by flow through cells.  
5. To obtain a complete breakthrough curve (BTC), the electrolyte solution was injected for 
approximately two more PV.  
All of the column experiments were conducted at a room temperature of 22 °C. 
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3. Modelling of flow and NP transport 
3.1 The water flow model  
The movement of water in an unsaturated porous medium is described by the general equation of 
flow (Pinder and Celia, 2006): 
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where Ss [L
-1
] is the specific storage, h [L] is the pressure head, t [T] is the time,  [-] is the 
volumetric water content, x [L] is the depth, Ksat [LT
-1
] is the saturated hydraulic conductivity, Kr 
is the relative hydraulic conductivity and Dq  [LT
-1
] is the Darcy velocity. Here, the equation is 
presented in its one-dimensional form. The solid matrix is assumed to be incompressible, and the 
air phase is assumed to be highly mobile and instantaneously in equilibrium with the atmosphere.  
The relations Kr(h) and h) are required to solve the general equation of flow. The Mualem-
van Genuchten Model is adopted: 
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where r [-] is the residual volumetric water content, s [-] is the saturated volumetric water 
content, n [-] is the pore size distribution index,  [L-1] is related to the inverse of the 
characteristic pore radius, l [-] is the pore connectivity parameter and Se [-] is the effective 
saturation. 
An estimation of the Mualem-van Genuchten hydrodynamic parameters is necessary to solve the 
general equation of flow and model the water content and velocity distributions over the 
columns. The relationship between the pressure head (h) and water content (), expressed by the 
hydrodynamic parameters, was investigated by independent drainage experiments. The Mualem-
van Genuchten model parameters (, r, s, n, l, Ksat) were estimated from the water content data 
and pressure head data of the step by step drainage experiment. The inverse problem was solved 
through the Levenberg-Marquardt optimization algorithm. The inverse problem was solved 
through the Levenberg-Marquardt optimization algorithm. The gradient of the objective function 
with respect to each parameter was calculated analytically as in Hayek et al. (2008) and Beydoun 
et al. (2006). In Figure 1, the solution for the pressure head data is shown. A zero flow boundary 
condition was applied at the top of the column, while the pressure head measured at the 
tensiometer installed 28 cm below the sand surface was taken as the lower boundary conditions. 
The hydrostatic profile was taken as an initial condition. To reduce the dimensionality of the 
problem and considering that the van Genuchten parameters are often correlated, the value of the 
pore connectivity parameter l was set to 0.5 and the residual water content r was set to zero. The 
chosen l value is often adopted in the literature (Abbaspour et al., 2001; Wollschlaeger et al., 
2009). The residual water content is a parameter that is very difficult to measure directly because 
measurements at very low saturation values are time consuming to ensure equilibrium. In the 
literature, values between zero and 0.05 can be found. For simplicity and because the NP 
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transport experiments were performed under similar wet conditions, r was fixed to zero. In the 
evaluation, different sets of initial parameter values were tested to identify potential local 
minima. The solution of the inverse problem was the same for all of the initial parameters sets. 
The parameters were weakly correlated. The optimized values for s, , n and Ksat were 0.38 ± 
0.0003, 0.037 ± 0.00006 cm
-1
, 12.24 ± 0.05 and 0.23 ± 0.0003 cm/s, respectively. Moreover, the 
longitudinal dispersivity (L = 0.20 ± 0.01 cm) was estimated through tracer experiments 
conducted with 3 pore volumes (PV) of KCl. 
 
3.2 Modeling of TiO2 Nanoparticle Transport in unsaturated conditions  
The transport and retention of TiO2 NP through the unsaturated porous media was initially 
simulated using the convection-dispersion equation model coupled with a kinetic retention term:  
 D
q cθc s c
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where  [-] is the volumetric water content, c [M L-3] is the NP aqueous phase concentration,  
[M L
-3
] is the bulk density of the porous media, s [M M
-1
] is the NP solid phase concentration, t 
is the time [T], x [L] is the distance from the column inlet, D [L
2 
T
-1
] is the hydrodynamic 
dispersion coefficient, qD [L T
-1
] is the Darcy velocity, ka [T
-1
] is the attachment coefficient, [-
] is a retention function and smax [M M
-1
] is the maximal solid phase concentration. Adopting this 
model, NPs were supposed to interact with a limited amount of attachment sites (smax) in porous 
media, such as metal oxide surfaces, areas of roughness of the collector surface, and the AWI 
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(Bradford, 2006). Therefore, as the number of occupied sites increases throughout the 
experiment, the probability of an NP encountering a free site decreases (Ryan and Elimelech, 
1996). The NP BTCs were modeled with Equations 4, 5 and 6, optimizing smax and ka. This 
model, referred to as model 1S, is quite standard and assumes that the retention parameters are 
constant along the column profile.   
Because the fluid velocity and the water content change over the column’s length under our 
unsaturated experimental conditions, different retention models were developed to take into 
account the influence of the water velocity and of the water content. Unlike in the 1S model, in 
these models, smax and ka are not constant, but vary along the column profile. Through the water 
content profile, these models can potentially account for NP retention at the AWI or at the 
interface between the sand and water (SWI).  
Under saturated flow conditions, Toloni et al. (2014) found that the fluid velocity affects the NP 
retention and suggested the following expressions for smax and ka: 
 max 1 0s a   (7) 
 Da pc 0
50
q3(1 )
k
2d

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
 (8) 
where a1 [M
 
M
-1
] and pc[-] are empirical parameters,  is the porosity [-], d50 is the average 
grain size [L], 0 [-] is the single collector efficiency described by the classic filtration theory 
(Tufenkij and Elimelech, 2004), pcis a function of the grain geometry, (1 )  represents the 
volume of the solid phase, and Dq /   is the mean pore water velocity. 
The NP BTCs were modeled modifying Equations 7 and 8, assuming that retention only occurs 
at the SWI. The obtained model explicitly takes into account the potential retention at the SWI 
along the profile as a function of the water velocity and water content (1S_SWI model): 
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empirical parameters that must be calibrated. Equations 7 and 8 were modified to take into 
account the assumed reduced accessibility of the sand surface under unsaturated conditions, even 
if the fluid phase was assumed to be continuous over the column to ensure pressure transmission. 
In Equation 8, the porosity  was replaced by the saturated water content s in the numerator 
(Bradford et al., 2008). The variation of accessibility of the sand surface was assumed to be 
proportional to the variation of the specific surface s  [L
2
M
-1
]. Assuming that the grain geometry 
of our porous medium can be approximated by spheres and that the effects of water content 
variations on the specific surface are equivalent to the effects of porosity variations, we used the 
model suggested by Emmanuel and Berkowitz (2005):    
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where 0s  is the specific surface area of a porous medium at a porosity 0. The resulting 
Equations 11 and 12 can be used for both saturated and unsaturated porous media: In the case of 
water saturation, they become equations 7 and 8.  
The NP BTCs were also modeled assuming that if the porous medium is unsaturated, the 
retention at the SWI can be neglected and NPs are retained exclusively at the AWI (1S_AWI 
model):  
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In the above equations, s
awi
 [M L
-3
] is the NP concentration at the AWI,  a s    [-] is the 
volumetric air content, and a1
awi
 [M L
-3
] and pc
awi
 [-] are empirical parameters that must be 
calibrated. The single collector efficiency 0
awi
 was modified to account for the unsaturated 
conditions:  is -dependent and not -dependent (Tufenkij and Elimelech, 2004). We assumed 
that the retention at the AWI depend on a (Chen et al., 2008). Following Zhang et al. (2012), 
smax for the retention at the AWI was written as proportional to  
3
s1 /  . Equations 16 and 17 
become zero for a saturated porous medium.   
To consider retention at both the AWI and SWI, a two-site retention model was also applied 
(2S model): 
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where the first site (Equation 19) describes the NP retention at the sand grain surface and the 
second site (Equation 20) describes the NP retention at the interface between water and air. The 
2S model has the parameters of both the 1S_SWI and 1S_AWI models; therefore, four 
parameters must be calibrated. 
 
4. Results and Discussion 
 
4.1 Water Content Profiles  
For each NP transport experiment, the hydrodynamic parameters estimated in Section 3.1 were 
applied to simulate the drainage of the column. The match between the measured and simulated 
cumulative outflows was quite poor. We assumed that these differences were due to column 
packing, which can be different from one experiment to another. We also assumed that the 
hydraulic conductivity was the most sensitive parameter because (i) it depends on the pore 
organization and pore connectivity, which can be packing dependent, and (ii) the experiments 
mainly consisted of gravitational drainage, and hydraulic conductivity is one of the most 
sensitive parameters under these conditions (Beydoun et al., 2006; Durner and Iden, 2011). 
Therefore, the saturated hydraulic conductivity was estimated by model calibration of the 
outflow during drainage (Table 1), and the other flow parameters remained unchanged. The 
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obtained hydraulic parameters were slightly different from one experiment to another (Table 1) 
and were consistent with previous works (Younes et al., 2013) as well as the value estimated 
using the Rosetta pedotransfer function (Schaap et al., 2001) calculation (0.016 cm/sec). Due to 
the boundary conditions of the experiment (prescribed flux at the top, prescribed pressure at the 
bottom), the differences in hydraulic conductivity led to different pressure distributions over the 
column and therefore different water content and water velocity profiles (Figure 2). During all 
experiments, the bottom of the column remained fully saturated (=0.38) and the water content 
decreased along the column profiles and reached the minimum at the column’s top. The different 
experiments had water content values of 0.13, 0.15 and 0.17, corresponding to 34%, 39% and 
45% saturation at the column top, respectively. Because the pore water velocity is inversely 
proportional to the water content, the velocity profiles also showed small differences at the 
column top (from 0.007 cm/s to 0.009 cm/s) and the value increased until three times from the 
bottom to the top of the columns. These variations in the water content and pore water velocity 
along the column profiles and between the experiments originated from the small differences in 
the drainage processes (less than 5% for the cumulative drained water). This demonstrates the 
importance of accurate water flow modeling and the motivation for the development of an 
adapted model for NP retention in unsaturated porous media. It also underlines the difficulty of 
reproducing transport experiments under unsaturated conditions when sorption processes are 
linked to the water content and to the water velocity. 
 
4.2 Breakthrough Curves  
The column experiments were performed under four IS treatments (0-2-3-5 mM KCl). The 
transport of TiO2 NPs at 0 and 2 mM KCl did not show any NP retention. Instead, under 3 and 5 
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mM KCl, the BTCs showed a retention that increased as IS decreased (Figure 3). The 
experiments with an IS of 0, 2 and 3 mM were conducted at least in duplicate, whereas the 
experiments with an IS of 5 mM were repeated three times. The experiments with an IS of less 
than 5 mM KCl were reproducible, whereas the experiments with an IS equal to 5 mM KCl were 
not.  
The NP behaved like a tracer for an IS of 0 mM and 2 mM, which made the experiments easily 
reproducible. Retention was observed for the experiment performed with an IS of 3 mM, and the 
experiments remained reproducible. Comparison with the BTCs obtained under saturated 
conditions, with an average fluid velocity of the same order of magnitude (0.002 cm/s in 
saturated condition, 0.003 cm/s in unsaturated condition), showed that similar retention processes 
occurred and that the effect of unsaturated conditions could be neglected for this IS (Figure 4). 
This interpretation agrees with the article of Fang (2009), where it is stated that decreasing the 
water saturation did not enhance the retention of TiO2 NP in sand columns.   
The shapes of the 5 mM elution curves were typical of blocking behavior. This retention 
mechanism, resulting in an increase of the NP concentration over time during the elution, 
consisted of the progressive saturation of the attachment sites. Considering the unsaturated 
conditions in the 5 mM experiments, a fraction of the available attachment sites was probably 
positioned on the charged AWI. All of the BTC shapes were monotonic and showed a change in 
convexity. The data reported in Table 1 showed that the NP retention increased when the 
saturation decreased. Because the AWI was supposed to increase when the saturation decreased, 
this observation supports the assumption that NPs were retained from the AWI.  
 
4.3 Modeled TiO2 Nanoparticles Transport  
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The set of partial differential equations (4-6), (9-12), (14-17) were solved numerically using 
discontinuous finite element method (Diaw et al., 2001) and a fully coupled implicit scheme. For 
the parameter estimation, the Levenberg-Marquardt method was adopted. The results of the 
calibrations of the different models are shown in Table 2. The value of the objective function (O) 
is reported for each calibration, i.e., the sum of quadratic differences between the measured and 
simulated concentrations after model calibration. The smaller O is, the better the fit is. It can be 
observed that the quality fit was better for the water content and water velocity dependent 
models with respect to the traditional 1S model. The BTC UNS6 could be described reasonably 
well by both the 1S_SWI and 1S_AWI models (O≈6×10-3) through two non-correlated 
parameters. Consequently, the two-site retention model 2S is not necessary to describe UNS6 
because adding other parameters did not increase the quality of the fit, but only increased the 
correlation between the parameters. On the contrary, the 2S model considerably improved the fit 
quality of UNS4 and UNS5 compared to the one-site retention models. The objective function of 
the 2S fits is one order of magnitude smaller than the objective functions of the 1S_SWI and 
1S_AWI model fits. The parameters a1
swi
, a1
awi
 and pc
awi
 are strongly correlated for UNS4 and 
UNS5: To increase the quality of the fit, the number of parameters was reduced. In Equation 16, 
smax
awi
, and thus a1
awi
, are assumed to be very large. Equation 16 can be reduced to (2S_INF)    
AWI
AWI
a a
s
θk
t
c

 

      (21) 
This assumption reduces the number of parameters from four to three to calibrate the 2S model. 
This parameter reduction results in a small increase of the objective function and a decrease in 
the correlation between the parameters. The BTC prediction of the 1S and 2S_INF models can be 
found in Figure 5. 
4.4 Models Performance Comparison 
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A better model fit does not suggest a better model performance when additional parameters are 
required. More information about the performance of the models can be obtained from a 
comparison of the AIC and BIC criteria used for model discrimination (Burnham and Anderson 
2002, Riva et al., 2011):  
 
1
2
AIC 2 Log( / )
BIC Log( ) Log( / )
  
  
p m m
p m m m
N N O N C
N N N O N C
 (22) 
where Np is the number of parameters, Nm is the number of measurements (53, 48, and 52 for 
Uns4, Uns5, and Uns6, respectively), and O is the objective function. C1 and C2 are constants 
that are  set to zero because these criteria are used for model comparisons. The AIC and BIC 
criteria values for the 1S, 1S_SWI, 1S_AWI, 2S and 2S_INF models are compared in Table 3. It 
follows that the water content profile dependent models perform better than the 1S model. 
Moreover, the two-site models have a better performance than the one-site models for UNS4 and 
UNS5. As expected, the one-site models have better performances for UNS6. It can be observed 
that the assumption of a very large a1
awi
 in the 2S model results in a small loss in model 
performance and a reduction of the correlation between pc
awi
 and a1
sw
 (UNS4: from -0.986 to -
0.119; UNS5: from -0.992 to -0.951). 
 
The predicted profiles of the retained concentrations of models 1S and 2S_INF are shown in 
Figure 6, and the profiles of ka and smax are shown in Figure 7. The retention profiles predicted 
by the 1S model show two zones of ‘relatively’ higher retention: at the top of the column where 
the injected concentration is still high and at the transition zone defined by significant variations 
of the water content and therefore the velocity (at depths of approximately 15 to 20 cm – see 
Figure 6).  
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On the contrary, the shape of the retained NP for the 2S_INF model, that is, the sum the retention 
at the AWI and SWI, has a single maximum in the lower part of the column. The contribution of 
the AWI to the retention is significant but smaller than the SWI contribution. The attachment 
coefficient ka and amount of attachment sites smax vary along the column profile. The parameter 
smax
awi
 increases with the water content, whereas ka
awi
 and ka
swi
 decrease from the top of the 
column, where the water velocity is higher (Figure 2), to the bottom of the column. 
 
 
6. Conclusions 
In the TiO2 NP transport experiments under unsaturated conditions, the saturation profile 
influenced the NP retention for an IS of 5 mM KCl, but not for lower IS. It can be deduced that 
under conditions of a lower IS, NPs are not retained at the interface between air and water. This 
is an interesting issue because in the literature it is not clear whether the interface between air 
and water can retain NPs or not. 
The 2S model developed in this article describes the retention of NPs as a function of the water 
content and water velocity. It can be used for both saturated and unsaturated conditions and for a 
rather large range of velocities. Furthermore, it directly takes into account the retention on the 
interface between air and water. However, it is still limited to an ionic strength of 5 mM. The 2S 
model offers a better description of the BTCs than that issued from a direct optimization of the 
retention parameters (1S model). The 2S model predicts lower NP retention at the unsaturated 
zones of the column profiles compared to the 1S predictions. The retention profile measurements 
were not performed, and thus, the retention profile predictions of the 2S model were not 
validated. 
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Figure 1: Pressure head measurements (dots) during the step by step drainage and modeling 
results (line). 
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(a) 
 
(b) 
Figure 2: Modeled water content profiles (a) and pore water velocity profiles (b) for the 5 mM 
unsaturated nanoparticles transport experiments. 
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Figure 3: Breakthrough curves of the unsaturated transport experiments with TiO2 nanoparticles 
under 0-2-3-5 mM KCl and with a conservative tracer. 
 
Figure 4: BTCs of the 3 mM unsaturated transport experiment superposed to a 3 mM saturated 
experiment (injection of 2.5 VP (resp. 3VP) for the unsaturated (resp. saturated) experiment). 
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Figure 5: Breakthrough curves of the unsaturated transport experiments modeled by the 1S 
model (a) and by the 2S_INF model (b). 
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(d) 
Figure 6: Retention profiles of the 5 mM NP transport experiments modeled by the 1S (a) and 
2S_INF models (b, c, d).  
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(c) 
Figure 7: Profiles of the parameters ka and smax related to the interface between sand and water 
(a, b) and to the interface between air and water (c). Parameters of the 2S_INF model by 
calibrated with the 5 mM NP transport experiments. 
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Table 1: Measured and modeled parameters of the unsaturated transport experiments*. 
 Ks Save Smin   min  vmin vmax M 
 (cm s
-1
) (-) (-) (-) (-) (cm s
-1
) (cm s
-1
) (%) 
Uns4 0.0120 ± 0.0003 0.70 0.45 0.2677 0.1691 0.0031 0.0070 54.3 
Uns5 0.0175 ± 0.0002 0.67 0.39 0.2549 0.148 0.0031 0.0080 70.0 
Uns6 0.0207± 0.0002 0.64 0.34 0.2431 0.1275 0.0032 0.0095 80.6 
 
*Errors represent the 95% confidence interval. Ks is the optimized saturated hydrodynamic 
saturation; Save/min is the average and minimum values of the modeled local saturation;   is the 
average and minimum values of the modeled water content; vmin/max is the maximum and 
minimum values of the modeled pore water velocity; M is percentage of NP mass retained from 
the porous medium. 
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Table 2: Optimized parameters of the retention models 1S, 1S_SWI, 1S_AWI, 2S and 2S_INF*. 
 
 
smax/C0 
(cm
3
 cm
-3
) 
ka 
(× 10
-4
 s
-1
) 
  
O 
(×10
-3
) 
 Uns4 0.33 ± 0.01 3.9 ± 0.2   87.5 
1S Uns5 0.47 ± 0.02 4.7 ± 0.4   127.7 
 Uns6 0.60 ± 0.01 6.3 ± 0.2   14.2 
  a1
swi 
 (g g
-1
) 
pc
swi 
 (-) 
a1
awi 
 (g cm
-3
) 
pc
awi 
 (-) 
O 
(×10
-3
) 
 Uns4 5.36 ± 0.01 0.073 ± 0.057 - - 29.09  
1S_SWI Uns5 7.92 ± 0.22 0.091 ± 0.008 - - 44.20  
 Uns6 11.12 ± 0.16 0.127 ± 0.006 - - 7.518  
 Uns4 - - 163.32 ± 3.88 1.967 ± 0.131 40.96  
1S_AWI Uns5 - - 176.32 ± 5.29 1.988 ± 0.175 59.07  
 Uns6 - - 191.14 ± 2.25 2.259 ± 0.081 6.813  
 Uns4 0.908 ± 0.213 0.071 ± 0.008 148.79 ± 4.62 1.172 ± 0.150 40.96  
2S Uns5 1.37 ±  0.132 ± 0.015 180.19 ± 5.65 0.972 ± 0.169 59.07  
 Uns6 - - - - -  
 Uns4 3.855± 0.005 0.089 ± 0.006 - 0.121 ± 0.338 40.96  
2S_INF Uns5 3.573 ± 0.159 0.143 ± 0.01 - 0.285 ± 0.016 59.07  
 Uns6 11.12 ± 6.77 0.128 ± 0.009 - 3.0 10
-8
 ± 0.24 6.813  
 
*Errors represent the 95% confidence interval. smax/C0 and ka  are 1S model parameters; a1
swi 
,pc
swi , a1
swi, and pc
swi are 2P empirical model parameters; O is the objective function value. 
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Table 3: AIC and BIC criteria for the 1S, 1S_SWI, 1S_AWI, 2S and 2S_INF models. 
 1S 1S_SWI 1S_AWI 2S 2S_INF 
 AIC BIC AIC BIC AIC BIC AIC BIC AIC BIC 
UNS4 -143.4 -144.0 -168.8 -169.4 -160.9 -161.5 -208.7 -209.8 -191.2 -192.0 
UNS5 -119.6 -120.3 -141.7 -142.4 -135.8 -136.3 -185.4 -186.7 -179.7 -180.7 
UNS6 -181.2 -181.8 -195.7 -196.2 -197.9 -198.5 - - -193.7 -194.5 
 
 
 
 
